Chronic fatigue syndrome/myalgic encephalomyelitis (CFS/ME) is a multisystem disease, the pathogenesis of which remains undetermined. We set out to determine the precise abnormalities of gene expression in the blood of patients with CFS/ME. We analyzed gene expression in peripheral blood from 25 patients with CFS/ME diagnosed according to the Centers for Disease Control and Prevention diagnostic criteria and 50 healthy blood donors, using a microarray with a cutoff fold difference of expression of 2.5. Genes showing differential expression were further analyzed in 55 patients with CFS/ME and 75 healthy blood donors, using quantitative polymerase chain reaction. Differential expression was confirmed for 88 genes; 85 were upregulated, and 3 were downregulated. Highly represented functions were hematological disease and function, immunological disease and function, cancer, cell death, immune response, and infection. Clustering of quantitative polymerase chain reaction data from patients with CFS/ME revealed 7 subtypes with distinct differences in Medical Outcomes Survey Short Form-36 scores, clinical phenotypes, and severity.
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Chronic fatigue syndrome/myalgic encephalomyelitis (CFS/ME) is characterized by severe and debilitating fatigue, abnormal sleep behavior, impaired memory and concentration, and musculoskeletal pain [1] . In developed nations, the population prevalence is estimated to be 0.5% [2, 3] . Studies have identified various features relevant to the pathogenesis of CFS/ME, such as viral infection; abnormal immune function; exposure to toxins, chemicals, and pesticides; stress; hypotension; abnormal lymphocyte levels; and neuroendocrine dysfunction. However, the precise underlying mechanisms of disease and the means by which they interrelate in patients with CFS/ME remain to be clarified [4, 5] .
Various studies have analyzed gene expression in the peripheral blood of patients with CFS/ME, and in each study genes associated with immunity and defense were prominent [6 -17] . Unfortunately, in several of these studies quantitative polymerase chain reaction (PCR) confirmation was not performed, so the results may be unreliable [6, 8 -10, 14 -17] . The genes identified in the studies that used PCR confirmation suggest that CFS/ME has a complex pathogenesis [7, [11] [12] [13] . However, because none of these studies were comprehensive in terms of the number of human genes examined, our knowledge of the precise metabolic pathways involved in CFS/ME remains incomplete.
The goal of this study was to determine the precise abnormalities of gene expression in the blood of patients with CFS/ME. We enrolled patients with a rigorously defined CFS/ME phenotype and compared them to healthy blood donors by means of a microarray that represented the entire human genome and by quantitative PCR confirmation. Using this approach, we identified differential expression of 88 human genes in patients with CFS/ME. Among these genes, highly represented functions were hematological disease and function, immunological disease and function, cancer, cell death, immune response, and virus infection. Clustering of gene expression data revealed 7 CFS/ME subtypes with distinct clinical phenotypes and associated disease severity.
SUBJECTS, MATERIALS, AND METHODS
Subject enrollment, clinical characterization, and blood sampling. Twenty-five patients with CFS/ME from the Dorset CFS Service in southeast England were enrolled for the microarray study. Patients with CFS/ME whose blood was used for subsequent PCR studies comprised those in the microarray study along with an additional 30 patients from clinics in 3 United Kingdom cities (Dorset, Bristol, and London; 1 patient from Leicester was under the care of a clinic in London) and New York, New York. CFS/ME was diagnosed on the basis of Centers for Disease Control and Prevention (CDC) criteria [1] . Patients with psychiatric disease were excluded on the basis of findings of the Minnesota International Neuropsychiatric Interview, thus ensuring that no patients had major psychiatric disease or were abusing alcohol or drugs. In addition, patients who had smoked tobacco during the previous 12-month period and/or had taken antibiotics, steroids, or antidepressants during the previous 3-month period were excluded from the study.
Healthy blood donors were used as a comparison group for both the microarray and real-time PCR studies. For the microarray study, 50 healthy blood donors were enrolled from the Dorset National Blood Service (NBS) and matched to the CFS/ME group at a ratio of 2:1 on the basis of age, sex, and geographical location. For subsequent PCR studies, the comparison group comprised the donors involved in the microarray study plus an additional 25 donors, all enrolled from the NBS. Restrictions imposed by the NBS on persons who are allowed to donate blood are outlined elsewhere [13] . Blood donors were excluded from the study if they had smoked tobacco during the previous 12-month period and/or had taken antibiotics, steroids, or antidepressants during the previous 3-month period.
In accordance with the recommendations of the International Chronic Fatigue Syndrome Study Group [18] , the following questionnaires were completed for all enrolled subjects (patients and control donors): the Chalder Fatigue Scale [19] , to assess the severity of physical and mental fatigue; the Medical Outcomes Survey Short Form-36 (SF-36), to determine the level of disability; the Somatic and Psychological Health Report, to characterize accompanying symptoms; the Pittsburgh Sleep Questionnaire, to assess abnormal sleep behaviors; and the McGill Pain Questionnaire, to assess the type and severity of pain. For patients with CFS/ME, neurocognitive testing was performed using the Spatial Span (SSP) and Verbal Recognition Memory (VRM) modules of Cantab software (Cambridge Cognition). In another study, the SSP test yielded abnormal findings for patients with CFS/ME [20] , and we found similar abnormalities in patients with CFS/ME enrolled in this study.
Patients and control subjects gave informed written consent, in accordance with guidance of the Wandsworth Research Ethics Committee (approval number 05/Q0803/137). For patients in New York, approval of the local institutional review board was obtained. Human experimentation guidelines of the US Department of Health and Human Services were followed in this study.
Fifteen-milliliter blood samples from patients with CFS/ME and healthy blood donors (as part of routine blood donation) were collected into PAXgene tubes (PreAnalytix), and total RNA was extracted using the PAXgene blood RNA kit (PreAnalytix), according to the instructions of the manufacturer. RNA quality and amount were confirmed by microspectrophotometry (Nanodrop). Total RNA samples used in this study had an absorbance ratio (A260/280) of 1.9 -2.0.
Microarray analysis. RNA specimens were shipped as ethanol precipitates to the Penn Microarray Facility (Philadelphia, PA), where mass and qualitative assays were repeated, using the Nanodrop spectrophotometer and Agilent Bioanalyzer, respectively. Bioanalyzer traces indicated that intact ribosomal bands as well as various background and partial degradation bands typical of blood RNA were present in all samples. All microarray analyses were conducted with the GeneChip human genome U133ϩ2 microarray (Affymetrix) and the One-Cycle target labeling and control reagents kit (Affymetrix), in accordance with the manufacturer's recommendations. The average cRNA yield was 48 g for samples from the control group and 51 g for samples from patients with CFS/ ME. Samples from 10 patients with CFS/ME were randomly selected as technical replicates for hybridization to a second GeneChip, to assess concordance. Microarray Suite 5.0 (Affymetrix) was used to quantitate expression levels for targeted genes; default values provided by the manufacturer were applied to all analysis parameters. A weighted mean value of probe fluorescence (corrected for nonspecific signals by subtracting the mismatch probe value) was calculated using the Tukey 1-step biweight estimate. This signal value, a relative measure of the expression level, was computed for each assayed gene. Global scaling was performed to allow comparison of gene signals across multiple microarrays.
Microarray data were normalized in Excel 2003 (Microsoft) and imported into GeneSpring 7.3 (Agilent Technologies) within a genome consisting of the entirety of the probes on the microarray minus the probes that were specific for Ͼ1 gene (i.e., those with the suffix "_s_at" or "_x_at"); this effectively excluded probes whose specificity could not be assigned with certainty to any one gene and reduced the genome to 39,174 probes. Data were analyzed by use of a class comparison experiment to obtain a list of gene probes that showed differences in expression between test and control groups with a fold difference cutoff of 2.5 and a P value of .05 (an arbitrary level designed to select for 5% of the probes whose values showed the greatest differences between the CFS/ME and control groups). Probe values for each of these genes were reviewed, and a gene was included only if the majority of probe values were in agreement with the mean fold difference of the probe that originally flagged the gene.
Quantitative PCR. Quantitative PCR (Applied Biosystems) with TaqMan primers and probes was used to confirm the significance of genes identified in array experiments by the comparative method, using custom 384-well low-density arrays (LDAs) and the ABI Prism 7900HT instrument (Applied Biosystems), with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the endogenous control gene. Experiments were performed in triplicate, using a protocol described elsewhere [13] . Data were displayed using SDS software (version 2.2 [ABI]), and discordant data between replicates were omitted. Results for each LDA were calculated and loaded into SDS software (version 2.2, Enterprise Edition), to facilitate analysis of data involving up to 80 -100 LDAs per experiment.
The threshold cycle (Ct) for the test gene in each sample was compared to that of a calibrator sample to calculate a ⌬Ct value. ⌬Ct values were then normalized to the Ct value for GAPDH in respective samples to give ⌬⌬Ct values. Relative quantities of each mRNA of interest (RQ; defined as 2 Ϫ⌬⌬Ct ) were then calculated. Samples showing a difference of 100 between minimum and maximum RQs (which is indicative of poor replicate concordance) were excluded. The t test was used to compare RQs for the patients with CFS/ME with RQs for the control subjects. Genes with mean RQs that differed significantly (defined as a P value of .05) between the groups in the same direction as in the microarray were included in our CFS/ME-associated gene signature.
Transcription factor binding sites. Promoter sequences for each of the 83 genes identified after real-time PCR analysis were extracted from the Mammalian Promoter Database at Cold Spring Harbor Laboratory (Cold Spring Harbor, NY; available at: http://rulai.cshl.edu/cgi-bin/CSHLmpd2/hspd.pl) and analyzed for overrepresentation of transcription factor binding sites, using tools from the Institute of Bioinformatics (Beijing, China; available at: http://www.bioinfo.tsinghua.edu.cn/ϳzhengjsh/OTFBS); this analysis is described elsewhere [21] . Human transcription factors identified by this approach were tested in the same samples, using available real-time PCR assays (ABI 7500 Fast PCR System [Applied Biosystems]) performed in accordance with the method described above but in a 96-well format. Analysis of gene function and interaction. Mean RQs from TaqMan real-time PCR testing of the 88 CFS/MEassociated genes were analyzed with Ingenuity Pathways Analysis (IPA) (Ingenuity) to link CFS/ME-associated genes into networks based on recognized interactions. IPA was also performed to discern the top associated diseases and disorders, molecular and cellular functions, associated physiological system development and function, and canonical pathways on the basis of over-representation analysis, in which, for each pathway, the fraction of CFS/ME-associated genes involved in that pathway was compared to the fraction of human genes involved in that pathway. For each pathway, the probability of involvement of the respective number of CFS/ 
NOTE.
A graphic representation of these data appears in figure 1. Fold differences are defined as the relative quantity of mRNA transcripts for patients with CFS/ME divided by the value for healthy control subjects. NA, not available; PCR, polymerase chain reaction. a Assays were predesigned by Applied Biosystems. b Genes found in pilot study [13] . c Genes found by means of differential display polymerase chain reaction [7] . ME-associated genes was expressed as a P value; values of .05 were taken to be significant. Clustering of quantitative PCR-generated gene values for patients with CFS/ME. RQs for all 88 CFS/ME-associated genes were normalized and clustered by use of Genesis software [22] . For each of the 7 CFS/ME subtypes identified by means of this approach, mean RQs were calculated for each gene and used to generate fold differences (defined as the value for patients with CFS/ME divided by the value for healthy control subjects) for each gene in each CFS/ME subtype. Mean fold differences for each gene in each CFS/ME subtype were then clustered with and without normalization/median centering by use of Cluster software, version 2.11, and visualized by use of Treeview software, version 1.60 [23] .
RESULTS

Subjects and clinical characterization.
Fifty-five patients with CFS/ME who fulfilled CDC diagnostic criteria and 82 healthy blood donors were enrolled in the study; 25 patients and 50 donors were evaluated in the microarray study, and 55 patients and 75 healthy donors were evaluated in the quantitative PCR study. Patient and clinical details are summarized in table 1. This study included several patients with CFS/ME whose disease was severe and necessitated bed rest for much of the day and patients who were able to attend an outpatient clinic (table 1) .
Microarray analysis. Although overall RNA quality was similar between the 2 groups, as indicated by Bioanalyzer traces, cRNA amplification yields, and GAPDH integrity, the microarrays from patients with CFS/ME showed half as many genes that met the Microarray Suite 5.0 "Present" detection threshold, but the average level of expression of these genes was 1.9 times the average level in control samples. Technical microarray replicates showed a concordance correlation coefficient of 0.978. GeneSpring analysis of microarray data identified 1789 probes with a differential expression in patients with CFS/ME that was statistically significantly different from that in healthy controls at a fold difference cutoff of 2.5. However, when all probe values Mean relative quantity of mRNA transcripts (RQ) in patients with chronic fatigue syndrome/myalgic encephalomyelitis (CFS/ME; hatched bars) and healthy control subjects (black bars) for 88 genes that were differentially expressed in patients with CFS/ME. Error bars indicate variance from the mean in each case. The chart is truncated at an RQ of 34, to enhance the clarity of data for the greatest number of genes.
for each of these genes were reviewed, for only 182 genes were the majority of probe values in agreement with the mean fold difference of the probe that originally flagged that gene. Quantitative PCR. Statistically significant differential expression with the same profile as that in gene arrays was confirmed for 82 of 182 genes tested, with upregulation of 79 genes and downregulation of 3 genes (PIK3R1, IL7R, and HIF1A) (table 2 and figure 1) .
Transcription factors. Analysis of the promoter sequences of the 82 human genes specified above revealed over-representation of binding sites for the following transcription factor genes: REPIN1, SP1, ETS1, GABPA, GTF3A, EGR1, EGR2, EGR3, NFKB1, NHLH1, EGR4, REST, and the Epstein-Barr virus (EBV) R transactivator gene BRLF1. Of these 13 transcription factor genes, results of realtime PCR assays were available for all except BRLF1; NFKB1 had already been tested because it was one of the original 82 genes. Realtime TaqMan PCR was used to test the remaining 11 genes in 25 patients with CFS/ME and 25 healthy controls, and significant upregulation in patients with CFS/ME was confirmed for 7 genes (REPIN1, ETS1, GABPA, NFKB1, EGR1, EGR3, and NHLH1) in patients with CFS/ME (table 2 and figure 1), suggesting that upregulation of these genes may be key to the overall gene signature ob- Figure 2 . Five large and distinct gene networks (A-E) identified using Ingenuity Pathways Analysis (Ingenuity); functional themes of each are shown in tables 3-5. Genes are colored according to levels of expression determined in the present study: red denotes upregulation, and blue denotes downregulation. Color intensity reflects the magnitude of the fold difference between patients with CFS/ME and healthy subjects.
served in the CFS/ME group. This is supported by the fact that the fold differences for transcription factors were higher than those for most of the other genes. The transcription factor genes EGR2, GTF3A, and SP1 were also upregulated in patients with CFS/ME; however, P values ranged from .18 to .09. Assays for REST and EGR4 did not provide usable data for the cDNA concentrations used.
Analysis of gene function and interaction. Eighty-eight CFS/ME-associated genes were analyzed using IPA. The following 5 networks were revealed (table 3), all of which could be linked together in a single network (data not shown): hematological disease, cell development, and hematological system development and function ( figure 2A) ; cell morphology, gene expression, and cellular assembly and organization ( figure 2B) ; protein synthesis, cell cycle, and gene expression ( figure 2C ); gene expression, cellular development, and hematological system development and function ( figure 2D) ; and cell cycle, protein degradation, and protein synthesis ( figure 2E ). Diseases and disorders, molecular and cellular functions, and physiological systems for these genes are shown in table 4. Prominent functional features involved immunity, inflammation, ap- 
PPP2R5C, CREBBP, TCF3
NOTE. Ratios denote the total number of genes in the CFS/ME signature divided by the total number of genes in the human genome.
optosis, neurological disease and function, infectious disease, and cancer. Many canonical pathways were implicated by these genes (table 5) ; the most important themes were immunity, inflammation, apoptosis, and neurological disease and function. Genomic CFS/ME subtypes. Clustering of RQs from patients with CFS/ME identified 7 subtypes consisting of 2, 5, 2, 19, 7, 14, and 3 patients. Clustering of mean fold differences (calculated as the mean subtype RQ of patients divided by the mean RQ for control subjects) for the 88 CFS/ME-associated genes revealed a distinct profile of gene expression in each subtype and clustering of genes with similar profiles of expression in the different subtypes (figure 3). Clustering of normalized/median centered fold differences for each gene in each subtype is shown in figure 3A , which highlights the distinct nature of the gene signature for each CFS/ME subtype. Clustering of logarithm (base 2) fold differences are shown in figure 3B , which emphasizes the predominance of upregulation for most genes in all CFS/ME subtypes.
Analysis of mean age and sex ratios for each subtype revealed that subtypes 3, 5, and 7 occurred only in females, subtype 2 was pre- Figure 3 . A, Clustering of normalized/median centered fold differences, calculated as the mean relative quantity of mRNA transcripts (RQ) in patients with chronic fatigue syndrome/myalgic encephalomyelitis (CFS/ME) for each subtype divided by the mean RQ in healthy control subjects, for 88 genes associated with CFS/ME. B, Clustering of logarithm (base 2) fold differences, calculated as the mean RQ in patients with CFS/ME for each subtype divided by the mean RQ in healthy controls, for 88 genes associated with CFS/ME. dominantly male, and the remaining subtypes occurred in both males and females; age differences were less clearly demarcated. The clinical phenotype was distinct between subtypes; subtypes 1 and 7 were the most severe, followed sequentially by subtypes 2, 4, 5, 6, and 3. Analysis of variance testing revealed significant differences in the SF-36 total score (P ϭ .016), social functioning (P ϭ .03), and emotional role (P ϭ .003) between the groups, whereas the difference between groups approached statistical significance for general health (P ϭ .08) and mental health (P ϭ .08).
After adjustment for multiple comparisons, significant associations were found between specific subtypes and clinical phenotypes. Subtype 7 had the most pain, the lowest SF-36 scores (along with subtype 1), and the most-severe individual symptoms, including swollen glands, sore throat, and headaches; subtype 1 had the worst cognition and mental health and poor sleep, despite being associated with the least pain; subtype 4 had moderate neurocognitive function and cognitive defects, combined with moderate levels of bodily pain and sleep problems; subtype 5 had the best mental health but poor neurocognitive function, gastrointestinal complaints, and the most marked muscle weakness and postexertional malaise; and subtype 2 had marked postexertional malaise, muscle pain, and joint pain but poor mental health (figures 4A and 4B). Subtypes 4 and 6 were predominant in Dorset, subtype 4 was predominant in London and New York, and subtype 5 was predominant in Bristol (figure 4C).
DISCUSSION
In this article, we document the differential expression of 88 human genes in CFS/ME. We have confirmed involvement of all 16 genes reported in our pilot study [13] in the same direction as previously reported, except IL10RA, which was downregulated in the previous study [13] but upregulated in the present study. This discrepancy remains unexplained, but because IL10RA is a critical gene required for T cell activation and since IL10RA levels correlate with measures of general health, we believe it to be particularly important.
The functions of these genes present a complex picture with links to several diseases and pathways (tables 3-5). Prominent themes that are well recognized in patients with CFS/ME are immunity, inflammation, and infection [5, 13] ; cell death [13, 24] ; cancer [25, 26] ; and neurological disease [13, [27] [28] [29] .
One of the most important viral triggers of CFS/ME is EBV, and this virus very likely plays an important role in perpetuation of disease, because it is reactivated by stress [30] . Within the gene signature identified in this study, the following 12 human genes that we found to be upregulated in patients with CFS/ME have been shown elsewhere to be upregulated, either directly or indirectly, by EBV infection: NFKB1, EGR1, ETS1, GABPA, CREBBP, CXCR4, and EBI2 [31] ; HIF1A; JAK1; IL6R; IL7R; and PIK3R1. A particularly interesting gene is EBI2, which was upregulated in 55% of patients with CFS/ME, one of whom was a 26-year-old woman with CFS/ME triggered by laboratorydocumented EBV infection 10 years earlier. The EBV genes BRLF1 and BZLF1 mediate the switch from latent to lytic phases of EBV infection, and during this process they transactivate many human genes. It is interesting that BRLF1 was identified as being overrepresented in the transcription factor analysis and that IgG specific to the Zebra protein (the BZLF1 gene product) has been reported previously in patients with CFS/ME [32] .
Enteroviruses are another very important viral trigger of CFS/ME [33] . Upregulation of EIF4G1 transcript variant 5, which was found in this study and elsewhere [8, 13] , is targeted during infection by various viruses, including enteroviruses, to subvert cellular machinery for the production of viral proteins.
The theme of neurological disease and function was prominent among the 88 CFS/ME-associated genes, almost all of which are expressed in multiple areas of the human brain (data not shown). Involvement of specific genes highlights the importance of neuregulin signaling, neurotrophin/TRK signaling, axonal guidance signaling, dopamine receptor signaling, and Huntington disease signaling (table 5). NTE was upregulated in blood of patients with CFS/ME, both in this study and our pilot study [13] . NTE is the primary site of action of organophosphate (OP) compounds, such as sarin, which cause axonal degeneration and paralysis due to inactivation of its serine esterase activity [34] . In the nervous system of adult chickens, OP-modified NTE initiates neurodegeneration. NTE probably regulates neuron-glial interactions during development and possibly also during adult life [35] . Exposure to OPs may trigger CFS/ME [36] and Gulf War illness [37] . Furthermore, the heterogeneity of NTE levels seen in patients with CFS/ME is consistent with a role for OPs in only a subset of patients with CFS/ME. In this study, 3 of 28 patients with CFS/ME for whom NTE data passed quality control analysis had high NTE levels, compared with uniformly low levels in healthy blood donors. This is in contrast to data from our pilot study, in which 10 of 17 patients with CFS/ME showed high NTE levels [13] . The discrepancy between the studies is interesting, given that in our pilot study all patients with individual PCR results for NTE were from Dorset, whereas in the present study 11 patients were from Dorset; 1 was from Leicester, United Kingdom; 5 were from Bristol; 5 were from London; and 6 were from New York.
Another interesting gene that affects neurological function is EIF2B4, mutations within which are associated with vanishing white matter disease [38] . This is interesting in view of the white matter hyperintensity lesions that have been documented in patients with CFS/ME [27] [28] [29] .
We have identified involvement of several genes of the interleukin-6 (IL-6) signaling pathway, consistent with the findings of several previous studies [39, 40] . Although we found upregulation of the genes encoding IL-6R and IL-6ST, the 2 IL-6 receptors, we did not find evidence for upregulation of the gene encoding IL-6 itself, which may explain the inconsistent findings by different groups in this area.
It is intriguing that it is possible to identify CFS/ME subtypes on the basis of expression values for these 88 genes and even more so that these subtypes have distinct clinical phenotypes, with such marked differences in the occurrence of particular symptoms and their severity. It has been recognized for some time that subtypes of CFS/ME exist, and it has been thought that these subtypes may, at least in part, reflect particular etiological factors [41] . A symptom-based approach has had some success in identifying musculoskeletal, inflammatory, and neurological subtypes [42] ; however, these groups had only minor differences between them in overall functional severity, in contrast to the subtypes in the present study. A more detailed analysis of clinical and molecular features of these subtypes will be presented in a separate article. Further work is urgently required to validate and develop these findings.
